Internal eliminated sequences (IESs) often interrupt ciliate genes in the silent germline nucleus but are exactly excised and eliminated from the developing somatic nucleus from which genes are then expressed. Some long IESs are transposons, supporting the hypothesis that short IESs are ancient transposon relics. In light of that hypothesis and to explore the evolutionary history of a collection of IESs, we have compared various alleles of a particular locus (the 81 locus) of the ciliated protozoa Oxytricha trifdax and 0. fullax. Three short IESs that interrupt two genes of the locus are found in alleles from both species, and thus must be relatively ancient, consistent with the hypothesis that short IESs are transposon relics. In contrast, TBEl transposon interruptions of the locus are allelespecific and probably the results of recent transpositions.
Introduction
Internal eliminated sequences (IESs) of ciliated protozoa are germline-limited (reviewed by Herrick 1994; Prescott 1994; Klobutcher and Herrick 1996) . IESs interrupt many genes and would interfere with their expression, but are eliminated precisely during the postconjugation development of the cell's macronucleus, which, when mature, assumes somatic functions of the sexually new individual: the macronucleus provides the transcripts that drive vegetative growth and clonal proliferation of the cell. Each cell also carries a micronucleus; it is transcriptionally silent and serves only as the germline.
IESs provide no known function for the ciliates that transmit them. Some extant IESs are large transposons (see below), giving force to the hypothesis (reviewed by Her-rick 1994; Klobutcher and Herrick 1996) that all IESs are parasitic transposons or are transposon relics that have retained c&acting sequences necessary for them to be eliminated from the developing macronucle-* Present address: Cold Spring Harbor Laboratory.
us prior to its expression of the genes these IESs otherwise would compromise. The present work addresses this hypothesis.
The macronucleus develops postzygotically from a copy of the germline micronucleus.
Conjugation between two vegetative cells leads to micronuclear meiosis and the exchange of gametic nuclei, which fuse to form a diploid zygotic nucleus in each exconjugant. Mitotic products of the zygotic nucleus become the new micronucleus and the new developing macronucleus.
Meanwhile, the parental macronucleus is destroyed apoptotitally, to be replaced by the mature new macronucleus (Davis et al. 1992) .
Macronuclear development involves massive DNA rearrangements, including amplifications and chromosome breakage, and in some ciliates the vast majority of sequences are eliminated. The most studied of these eliminated sequences are the IESs, which interrupt sequences that are joined in the mature macronucleus (reviewed by Klobutcher and Herrick 1996) . IESs are eliminated by DNA splicing events. Macronuclear development in hypotrichous ciliates leads to the elimination of -lo5 different IESs. Hypotrichous ciliates include the two sibling Oxytricha species, 0. fallax and 0. trifallax, that are the subject of this report. Hypotrich IESs, where studied, are reproducibly excised with full fidelity and full efficiency. Two types of IESs have been described, large IESs (>4 kb) and short IESs (-15-500 bp) . Large IESs are members of high-copy families of transposons; the known hypotrich transposon IESs share homologous transposase genes (Doak et al. 1994 lines indicate MAC segments that have been sequenced. Lines that extend fully to the left or right edge represent sequences that continue farther than shown. TBEl transposons are indicated as black-box insertions (4.1 kb, not to scale) positioned above the VC and 310 MIC maps: elements fal-1 (left) and fal-2 (right) interrupt vC, and element tri-1 interrupts 310; fal-2 and u-i-1 do not interrupt homologous positions of their respective alleles (Williams, Doak, and Henick 1993) . Lightly cross-hatched lines indicate (IES-free) MAC segments that have not been sequenced but have been observed to have the properties expected if IESs were precisely excised: VC MAC-a 130-bp restriction fragment of cloned VC cDNA is the size predicted by VC IES-L precise excision prior to MAC transcription (Williams and Herrick 1991) ; the sequence predicted by TBEl fal-1 precise excision was demonstrated by blot hybridization to Tltarget at high stringency (Hunter et al. 1989) . 510a and 510b MAC-two expected-sized Pst I fragments of the PCR product (LCRl to VHO') were demonstrated (not shown); they carry the respective 5 10a and 510b IES-L excision sites. In the cases of IES-R of alleles 35 and 319a and of IES RA2 of vC, no matching MAC product was generated due to technical constraints. However, these MIC sequences homologous to IESs in other alleles are probably excised during processing of these three MIC DNAs, since in each case the sequences interrupted by the putative IES are highly conserved ( fig. 2 ), indicating that they evolved under strong selection for function in the macronucleus.
Because failure to excise the IES would very likely block the function of the adiacent MAC sequences (see text), most if not all of the polymorphisms ( fig. 2 ) in these three IESs must have evolved while the IESs were under selection for excisability.
Euplotes (reviewed by Klobutcher and Herrick 1996) . The mechanisms of excision of Tee and TBEl transposons are different, judging from the structures of transposon circle junctions deduced to form upon element excision (Jaraczewski and Jahn 1993; Williams, Doak, and Herrick 1993) .
The hypothesis has emerged (see Discussion) that short IESs are highly degenerate, ancient copies of various, unrelated ciliate transposons that have lost most of their sequences and have retained only those cis-acting sequences necessary for developmental excision. This was first suggested by the fact that, like large transposon IESs, short IESs are flanked by short direct repeats, presumably target duplications (Klobutcher, Jahn, and Prescott 1984; Herrick et al. 1985 ; reviewed by Klobutcher and Herrick 1996) . Following IES excision, only one repeat persists in the mature macronucleus.
Thus, IES excision of each IES is viewed as precise somatic reversion of the germline transpositional insertion mutation that created the IES.
This report describes short IESs that interrupt the "81 locus" in 0. fakzx and 0. trifallax ( fig. 1) . This locus encodes a set of three nested macronuclear chromosomes generated by alternative processing and present in each macronucleus (the locus name derives from that of plasmid pMA81, which carries a copy of one of the resultant macronuclear chromosomes; Cartinhour and Herrick 1984; Herrick et al. 1987a Herrick et al. , 1987b . The three chromosomes share a common region of -1.6 kb, which comprises (with telomeres) the smallest of the three chromosomes.
It carries a 371 codon gene (CR-MSC) that encodes a mitochondrial solute carrier; the gene is interrupted by three conventional (spficeosomal) introns ("il, i2, i3," fig. 1 ) that are spliced from the primary macronuclear transcript (Hex-rick et al. 1987b; Williams and Herrick 1991) . The largest of the three chromosomes is -4.9 kb long and carries a "right arm" appended to its common region; the right arm consists mostly of an intronless, 1,088-codon gene for another protein (unpublished data). The CR-MSC micronuclear region is interrupted by two short IESs, near its left and right ends, named IES-L and IES-R (Herrick et al. 1987a) . As reported here the right arm gene also is interrupted by two further short IESs, named IES-RAl and IES-RA2 ( fig. 1) .
To study the evolutionary history of these four IESs, we have isolated and compared the sequences of portions of eight 8 l-locus alleles, three from 0. fallax and five from 0. trifallax.
Materials and Methods

Oxytricha Strains and Isolates
Wild 0. trifallax cells were collected from diverse limnotic sites in Indiana, cloned in the lab and placed into a single fertilely interbreeding group (unpublished data). Eighty-one-locus genotypes of JRB3 10 and JRBSlO, and of lab strains derived from them (see below), were determined by Pst I digestion of MAC PCR products (primers LCRl and VHO'; unpublished data). Early genotyping of JRB3 10 and JRBS 10 was indirect and too lengthy to describe here, but their genotypes were retrospectively confirmed by this method: both are diploid and JRB3 10 is homozygous at the 81 locus for the 3 10 allele, while JRBS 10 is heterozygous, carrying the 5 1 Oa and 5 lob alleles (Williams, Doak, and Herrick 1993) . Hereafter 8 1 locus genotypes of isolates and cell lines are indicated parenthetically following the cell line name. A PCR screen for new IES-R alleles in 12 additional 0. trifullax isolates led to characterization of JRB35 and JRB319. The 35 allele was discovered in JRB35. It may be a 35 homozygote or it may carry a second allele that was undetected by the PCR reaction that revealed the 35 allele. The 319a allele was discovered in JRB319, which is heterozygous, also carrying the 3 10 allele.
Several lab strains were generated from crosses between JRB310 and JRB510 and F1 progeny. The genotyping of progeny show that these strains segregate 8 1 -locus alleles as Mendelian diploids (Williams, Doak, and Her-rick 1993) . The following strains were sources of DNAs for isolation of 5 10a and 5 lob PCR products, as described later: Fi progeny SLC9 (5 lob/3 lo), SLC 17 (510b/310), SLC49 (51Oa/310); Fz progeny SLC175 (510b) of Fls SLC89 (510b/310) and SLC92 (51Ob/ 310); backcross progeny SLC244 (510a) of Fi SLC94 (51Oa/310) and JRB510 (510a/510b).
Besides diploid progeny of JRB310 and JRB510, we also found occasional progeny with all three alleles, 3 10, 5 lOa, and 5 lob (unpublished data). The one such triallelic line tested (SLC81) has high fertility and each of the three alleles can be inherited by progeny. Triallelic progeny of SLC81 are common (unpublished data). Possible explanations for such triallelism include triploidy and trisomy. Whatever the basis, the phenomenon is important, since three other instances have been noted where a single oxytrich cell has three "versions" of a sequence: 81-10~~s DNA (see below) and Ch28-06 DNA in 0. fallax (unpublished data), and C2 + C3 + C4 + C5 DNA (Klobutcher, Jahn, and Prescott 1984; RibasAparicio et al. 1987; Klobutcher, Huff, and Gonye 1988) in 0. nova. The present results suggest these versions are allelic.
Two 0. fullax strains were used, 3.5 and 9Dl. Each carries the VA, vB, and VC sequence versions of the 81 locus (Herrick et al. 1987~; Hunter et al. 1989; Williams and Herrick 1991) , which we take to be alleles, as just argued. Because both strains are sterile their designation as triallelic must remain only a reasonable supposition.
DNAs
Whole-cell DNAs were isolated as described previously (Dawson and Herrick 1982) . PCR primers are listed with sequences (5' to 3') unless described previously; boldfaced nucleotides are MIC-limited. Following the primer name is the position of primer 5 ' end, as positioned on VA MIC DNA. (Note that the initial -240 bp of VA MIC sequence are not represented in fig. 1 ). Primer polarity is " + " if priming is rightward, and " -" if leftward, by the convention of figure 1. For -strand from near the right end of the right arm gene; (C4A&, matches MAC chromosome telomeres (Herrick et al. 1985) . TBEl primers near TBEl ends, directed toward adjacent flanks: ITR19 (Herrick et al. 1985) , Tl-10 and Tl-9 (Williams, Doak, and Herrick 1993) , and XITRoud, CTTATAAACCTCACTAAGGGG.
Sequencing
Templates were previously described clones or were PCR products derived as described below. They were sequenced by a thermocycle procedure described previously (Williams, Doak, and Her-rick 1993) . Various primers were used to generate contigs, and where the sequence was not homologous to already sequenced regions, both strands were sequenced. The primers are listed in the respective GenBank entries.
Polymerase Chain Reactions
PCR reactions contained whole-cell DNA templates. Conditions varied and were too numerous to detail here, but were similar to conditions described in previous publications (Williams and Herrick 199 1; Williams, Doak, and Herrick 1993) , with 30-35 cycles, and 50-58°C annealing temperatures.
In some cases serial, nested PCR reactions were used, in which the primary reaction product served as template for a second reaction, using a primer nested within the first interval (Williams and Herrick 1991; Williams, Doak, and Hex-rick 1993) .
Micronuclear
and Macronuclear DNAs Representing Individual 8 1 -Locus Alleles Table 1 summarizes how pure micronuclear and macronuclear DNAs were obtained representing each al- b The names of micronuclear sequence-specific PCR primers are in boldface. Names of allele-specific primers are italicized. Nested PCR: primer pairs are indicated for the primary and subsequent nested reactions as 1", 2", etc. The sequences of subtelomeric 310 MAC DNA were amplified by nested series anchored on the adjacent MAC telomeres with primer (C4A&.
c Previously published sequence (Herrick et al. 1985 extended by the current work. d Previously published sequence (Cartinhour and Herrick 1984) extended by the current work. Details of right arm sequencing will be published separately (unpublished data).
e Previously published sequence (Herrick et al. 1987a, 19876 ) extended by the current work. f Previously published sequence (Herrick et al. 1985 (Herrick et al. , 1987a ) extended in the current work. Includes the TBEl fal-2 sequence; details of fal-2 sequencing will be published separately (unpublished data).
g Previously published sequence (Hunter et al. 1989 ) extended by the current work. VC specificity was imposed by Cla I digestion of mixed PCR products (VA + vB + vC), as described previously (Hunter et al. 1989) : the product of a five-cycle PCR run was cut with Clu I; after further PCR, Cla I-resistant product (vC) was gel-purified and amplified further.
h Includes the body of TBEl tri-1 (unpublished data). I The 310 allele was excluded by virtue of its carrying TBE-tril (see text). J Unexpectedly, IESRvAC fails to amplify 5lOb MIC DNA in the presence of 510a MIC DNA, but the basis of this discrimination is not understood, since the primer matches the 5lOb sequence nearly perfectly.
k The 310 allele was demonstrated in JRB319 with a nested set of PCR reactions like that used for 310 MIC.
lele, either by DNA cloning or by PCR amplification from whole-cell DNA templates. Micronuclear DNA PCR products were generated using micronuclear sequence-specific primers. These primers match short IES sequences or match sequence near one end or the other of the TBEl insertion in the 310 allele ( fig. 1 ). Because these regions are absent in macronuclear DNA, only micronuclear DNA is amplified. Single-allele products were generated by one of three methods: (1) Allele-specific primers were used to amplify single alleles from heterozygous whole-cell DNA. (2) The 5 10a and 5 lob alleles could not be amplified separately from JRBS 10 (5 lOa/ lob). They could be amplified, however, from the Fi progeny of JRB510 and JRB310. Products templated from the 3 10 micronuclear DNA were then excluded in PCR because the large size (4.1 kb) of the TBEl that interrupts the 310 allele ( fig. 1 ) makes the 3 10 products too large to amplify under the conditions used, so only the sought 5 10a or 5 lob product is generated. (3) Breeding these progeny heterozygous for 310 and either 5 10a or 5 lob generated strains that are homozygous for either the 510a or 510b allele (e.g., SLC 244).
Figure 1 serves as a guide for the allelic DNA isolations described in table 1. In some cases sequences of noncontiguous sequences of an allele were obtained (numbered in fig. 1 and table 1 ). Some sequences have been previously published, and others resulted from the present work. In each case, the sequence is identified by its GenBank accession number. For instance, VC micronuclear DNA is represented by one sequence segment, L39908, which includes sequence determined previously and by the current work to include TBEl fal-2, IES-RAl and -RA2 (vC black line, contig 6, Fig. 1 ). VC macronuclear DNA is represented by two noncontiguous segments. The first has not been sequenced, but its existence and its lack of IES-L and TBEl-fall have been demonstrated by other means (Hunter et al. 1989 ; VC lightly cross-hatched line, fig. 1 ). The other VC macronuclear segment, M25391, has been sequenced, in part previously (Hunter et al. 1989 ) and in part during the current work (vC heavily cross-hatched line, contig 7, fig. 1 ). In several cases (e.g., 310 micronuclear sequences, contig 8), multiple, overlapping DNA segments were generated and sequenced.
Sequence Analyses
The GCG suite of programs (version 8.0) was used to manage and align sequences. Phylogenetic inference programs used were DNAML from PHYLIP version 3.4, NEIGHBOR from PHYLIP version 3.5 (Felsenstein 1989) , PAUP/Mac version 3.1.1 (Swofford 1991) , and MacClade version 3.03 (Maddison and Maddison 1992) .
Expected fractions of nucleotides mutated since divergence between DNA sequence pairs were calculated by the program DNADIST (PHYLIP version 3.5); the program disregards gap-nucleotide mismatches; divergence values include expected changes undetected due to multiple mutations at the same site (Jukes-Cantor model). Synonymous changes (D,) and nonsynonymous changes (D,) between allelic pairs of an open reading frame were calculated with the program DsDn, kindly provided by J. Seger, which uses the method of Nei and Gojobori (1986) and assumes the Jukes-Cantor model. The Oxytricha translation code was used (TAG and TAA encode glutamine; Her-rick et al. 1987b; Williams and Herrick 1991; unpublished data) .
Results
Two IESs Interrupting the Right Arm Gene of the VA Allele
Comparisons of restriction fragments of cloned 8 llocus micronuclear and macronuclear DNAs representing the 0. fallax VA allele indicated that a short (<50 bp) IES interrupts VA micronuclear DNA that gives rise to the right arm of the largest 8 l-locus macronuclear chromosome (unpublished data). To determine the IES sequence, VA micronuclear and macronuclear DNAs were sequenced across this region and further rightward. In the process another IES was discovered. The two IESs are named IES-RAl and -RA2 ( fig. 1) .
IES-RAl excision removes 33 bp. Two direct repeats of the 6-bp sequence TKI"IT flank 27 bp of excised sequence. One TlCTIT copy persists in macronuclear DNA ( fig. 2A) . If the IES was generated by transposition, with attendant duplication of a few nucleotides of the target sequence, then the size of the transposed element is smaller than the IES by the size of the target duplication.
Thus, if transposition caused duplication of the full 6-bp TTCTTT, then the transposed sequence is only 27 bp long. Not knowing how the IES was generated, one cannot distinguish between this extreme possibility and a set of six other possibilities in which the element is as much as 6 bp longer. In the latter case no target duplication occurred, and the full TTCTTT was part of the incoming element. IESRA2 excision removes 70 bp. Two direct repeats of the 5-bp sequence TTCTT flank 65 bp of excised sequence. One persists in macronuclear DNA ( fig.  2B) . Again, the putatively transposed sequence might be any length between 65 and 70 bp, depending on how one assigns portions of TTCTT to it and to the flanking direct repeat. The full direct repeat, TTCTT, is strikingly similar to that associated with IES-RAl, lTCTTT.
Multiple Alleles Bearing IESs
We obtained and compared the sequences of portions of seven additional alleles of the 81 locus to study the evolutionary histories of its IESs. Various methods were used to obtain allele-pure micronuclear DNAs carrying IESs (see table 1 and fig. 1 ). In some cases further sequences were determined from already isolated and characterized DNA clones. In most cases, however, sequences were determined directly from PCR products generated from whole-cell DNAs of lab strains and wild isolates. The 310, 510a, 510b, 35, and 3 19a allele DNAs were isolated from five diploid wild isolates of 0. trifallax. The VA, vB, and VC allele DNAs were isolated from 0. fallax triallelic lab strains (see Materials and Methods for a discussion of triallelism in hypotrichs). Altogether 21 IESs have been isolated, embedded in fig. 3 ). Gaps are indicated by periods. IES sequences, including one flanking direct repeat, are shown in uppercase; flanking macronucleus-destined sequences are in lowercase, except as noted. A consensus sequence is given at the bottom of each IES alignment; capital letters indicate nucleotides shared by all alleles; lowercase letters indicate positions where at least two thirds of the alleles share that nucleotide; dashes indicate positions where fewer alleles share a common nucleotide. Flanking direct repeats are indicated in the consensus line. A, IES-RAl. B, IES-RA2. C, IES-L. The IES sequences of alleles 310 and 510a differ by a single nucleotide; their sequences are boxed. D, IES-R. The IES sequences of alleles 310, 510a, and 510b are identical and are boxed. No sequences were obtained for the right ends of the IES-R alleles 35 and 319a, indicated by the question marks; however, these sequences are probably identical to those of the other alleles, since PCR amplification required the 3' end of the primer IESRvAC to match at these sequences (see Materials and Methods). The consensus sequence of Paramecium TA IES ends (Klobutcher and Herrick 1995) is shown below the IES-R alignment at both ends ("TA con"), and IES-R nucleotides matching it are set white on a black background. TA IESs have imperfect inverted terminal repeats (indicated by arrows), as does IES-R. The major start site of CR-MSC transcription is immediately to the left of the conserved 14-bp macronuclear sequence left of IES-R; this 14-bp sequence is joined in macronuclear DNA to the 1 1-bp conserved macronuclear sequence to the right of IES-R to form the 25-bp conserved macronuclear sequence discussed in the text. E, Arm junction. These sequences are contiguous to the right ends of those shown in part D. The final three nucleotides are also macronucleus-destined but are in uppercase to indicate they are not part of the arm junction region; they represent the stop codon of the right arm gene. The arm junction sequences of alleles 310, 510a, and 5 lob are quite similar and have been boxed. portions of eight sequence-distinct alleles (tall black boxes, fig. 1 ).
Where practical we also obtained matching allelic macronuclear DNA regions covering each IES excision point, providing firm evidence that a given IES is precisely excised during macronuclear development.
(In 3 of 21 cases, no matching macronuclear DNA product was obtained. Thus, while these sequence interruptions are not formally established IESs, less direct evidence leads us to conclude they have evolved as IESs under selection for excisability; see fig. 1 legend.)
No allele in either species was found that lacks any of the short IESs ( fig. 1) . Thus, IES-L and IES-R were found in six of six alleles examined (the presence of IES-R in alleles 35 and 3 19a is disregarded, since these alleles were recovered because they have IES-R). Similarly five of five and two of two alleles examined carry IES-RAl and RA2, respectively (no 0. trifallax allele was tested for IES-RA2). The most parsimonious explanation is that at least three of the four IESs existed in the fallax-trifallax ancestor (see Discussion). Although our sample sizes are quite small, not having found any site. We verified that the DsDn and DNADIST programs generate the same divergence value for randomly diverged sequences generated by simulation (Ds = Dn = DNADIST value). The map at the bottom indicates the regions analyzed, represented as in figure 1 ; "Arm Jnct" indicates the region beginning 9 bp to the right of IES-R and extending to the right arm open reading frame (see fig. 2E ). IES sequences include one flanking direct repeat (uppercase letters in fig. 2 ; the right terminal sequences of 35 and 319a IES-R were assumed to be GCAA). A, Interspecies divergences.
Bar order for CR-MSC synonymous changes, IES-L, intron 3, and the right arm junction region: Slob-vC, -vB, -VA; SlOa-vC, -vB, -VA; 310-vC, -vB, -VA. Bar order for introns 1 and 2 and IES-R is: to variable degrees for a variety of mammalian genes (Li and Graur 1991, pp. 68-71) . In contrast, the selection against nonsynonymous mutations is much stronger, as expected for a functioning gene and as reflected by small D, values, ranging from 24-to 56-fold lower than D, (not shown) for the nine interspecies pairwise comparisons. The same is true for the sequenced portion of the right arm open reading frame (between 393 codons of VC and VA, D, = 0.3 and D, is -20-fold lower). Clearly, both genes have evolved slowly due to the pressure of purifying selection against mutations that affect protein function.
Each CR-MSC intron interrupts the protein-coding region, and since a strong selection exists for CR-MSC function, a commensurate selection exists to preserve the intron donor, acceptor, and branch point sequences necessary for intron RNA splicing. Alignment of the macronuclear sequences of the three 0. fuhx alleles previously showed that introns 1, 2, and 3 share conserved consensus donor and acceptor sites and a putative branch point sequence (Williams and Herrick 1991) . The present data set, with its wider range of allelic divergence, affords an opportunity to refine, in passing, that previous analysis. With the inclusion of the sequences from the five 0. trifallax alleles, the consensus sequences for 22 intron sequences remain essentially unchanged: donor GTAARTK, putative branch point yYRAT, and acceptor TWTAG (uppercase, all 22 introns included; lowercase, 2 18 of 22 introns included).
Intron 1 shows strikingly suppressed levels of overall divergence, unlike intron 2 and the other highly diverged noncoding regions ( fig. 4A ), indicating that intron 1 contains an important sequence element, perhaps a transcription enhancer or a DNA replication origin. Divergence in intron 3 also has been depressed, although less so.
Divergence and Conservation of IES Sequences
Like the CR-MSC introns, IES-L, -RAl, and -RA2 interrupt open reading frames, and a strong selection exists to maintain c&acting sequences necessary for their precise and efficient excision during macronuclear development.
Similarly, IES-R interrupts a 25-bp macronuclear sequence that is completely conserved in all eight alleles ( fig. 20) . This sequence abuts the CR-MSC transcription start site (Williams and Herrick 1991) and might well be an essential promoter element. Despite this selection, IES sequences show no obvious depression of divergence ( fig. 4A) . Alignments of the allelic IES sequences ( fig. 2) shows there have been many nucleotide changes, indicating that IES sequences are free to diverge. A variety of short indels also have accumulated during divergence.
Despite this the length of each IES has remained constant, +3 bp, perhaps the result of a selection for a length optimal for excision, as noted previously for Paramecium "TA" IESs (Klobutcher and Herrick 1995).
However, there has been conservation of a few nucleotides at each IES end, including the flanking direct repeats, as suggested in an earlier comparison between the VA and VC alleles (Herrick et al. 1987a) . Undoubtedly IES ends participate in IES excision, and we assert that the conserved nucleotides near the IES ends interact critically with excision machinery. Identification of these conserved IES nucleotides constitutes a first step toward understanding how these IESs are precisely excised. The number of conserved IES nucleotides seems quite small (see Discussion).
Identical and Near-Identical IES Sequences in Different Alleles
In striking contrast to the overall allelic variation of the IESs, certain otherwise quite different 81-10~~s alleles share identical or nearly identical IES sequences. The most extreme examples involve IES-R in the three 0. trifallax alleles 310, 510a, and 5 lob ( fig. 20) . These three alleles have diverged considerably, as judged by the sequences of their respective IES-L, intron 3, intron 2, and IES-RA1 sequences, with pairwise divergences in general above 0.1 c/site ( fig. 40) . Nonetheless, the IES-R sequences of all three alleles are absolutely identical across their full 66-bp length (diverged CO.015 c/site; fig. 40 ). These identical IES-R sequences are boxed in figure 20 . The exact identity of these sequences is not readily explained by selection against divergence, since still-functional IES-R sequences have diverged widely, as reflected in all other pairwise divergences ( fig. 4A-C9 . Note that the noncoding arm junction region next to IES-R also shows drastically reduced divergence among these three alleles (-0.04 c/site), and again other divergences are large ( fig. 4A-B) .
We postulate that the identity of IES-R in these three alleles is the result of at least two recent allelic conversion events that replaced the original IES-R sequences in these alleles with the IES-R sequence from another 0. trifallax allele (alternatively, one of these alleles might have been the "donor"). Apparently the size of the replacement patches extended across the adjacent arm junction region, and subsequently the three alleles once again have diverged slightly in this region (figs. 20, 2E, and 40). (In the 86-bp arm junction the three alleles have accumulated five differences between them, but no differences have accumulated in the 76-bp IESRs. Although this bias might be due to chance, it could indicate a more complex history. For instance, after the postulated large-patch homogenizations and divergences, another round of replacements with shorter patches might have rehomogenized only the IES-R region, which has yet to show divergence.) The replacement patches might have extended some distance to the left of IES-R, but it is difficult to assess that distance, because sequences to the left of IES-R, including CR-MSC codons and intron 1, are held constant by purifying selections in any case (see fig. 4A ). However, it is clear that the replacement patches did not extend as far as intron 2, which shows no depression of divergence among the 310, 510a, and 510b alleles ( fig. 40) .
Similarly, the IES-L sequences of the 3 10 and 5 10a alleles are nearly identical ( fig. 4D) , differing by only a single base pair ( fig. 2C9 , while, as just summarized, the 310 and 510a alleles in many other respects have diverged significantly, and interspecies IES-R pairwise divergences are quite large. In all there is evidence for at least three allelic conversion events, each involving an IES.
Discussion
Various observations are consistent with the hypothesis that short IESs are greatly shortened and ancient copies of large, precisely excisable transposons (reviewed by Klobutcher and Jahn 1991; Herrick 1994; Klobutcher and Herrick 1996) : (1) Short IESs are consistently flanked by short direct repeats suggestive of target duplications.
(2) Both short IESs and characterized hypotrich transposon IESs are precisely excised from the developing macronucleus, leaving behind a single flanking repeat in macronuclear DNA. (3) In Euplotes at least two short IESs and the Tecl and Tec2 transposon IESs are excised by a novel mechanism that generates IES circles with heteroduplex circle junctions that involve flanking TA direct repeats (Klobutcher, Turner, and LaPlante 1993; Jaraczewski and Jahn 1993) . (4) Short IESs are single copy by some criteria (Klobutcher, Jahn, and Prescott 1984; Ribas-Aparicio et al. 1987) , but some studies suggest sequence similarities between subsets of short IESs (Ribas-Aparicio et al. 1987; Herrick et al. 1987a; Bierbaum, Donhoff, and Klein 1991) . (5) The short "TA" IESs of the holotrich Paramecium appear to be homologous (paralogous) members of a scattered family (Klobutcher and Herrick 1995) , and they share end similarities with some short IESs and Tee transposon IESs of Euplotes, and with IES-R (see below). (6) The high number of short IESs is consistent with this hypothesis, since IESs are precisely excised prior to expression of macronuclear DNA, and IES insertion into the silent micronucleus generates no phenotype, so transpositional proliferation and accumulation of IESs should proceed unimpeded.
Finally, the hypothesis that short IESs were created by transposition is supported by recent sequence analyses of a third macronuclear chromosome generated from the 81 locus (unpublished data). This two-gene 2.8-kb chromosome consists of the common region with a paralogous "left arm" that was generated by an ancient duplication. The micronuclear DNA corresponding to the left arm is interrupted by a single IES that does not appear to be homologous to either common region IES and occurs in a nonhomologous position. By analogy to the "introns late" argument for the transpositional origins of spliceosomal introns (as reviewed by Mattick 1994) , it seems more parsimonious to hypothesize that these three IESs were created by three relatively recent transposition events than to hypothesize that three IESs were created "early" in the ancestor of the common region and left arm, and that since its duplication three of the resulting six IESs were indepen-dently lost. The first hypothesis requires the occurrence of three rare events, but the second requires six.
The present paper provides observations that we also interpret as consistent with the "transposon relics" hypothesis, and that suggest how short IESs might have evolved from large transposon IESs.
First, we examined the four 81-10~~s IESs for possible similarities that might indicate that they are related. It may be significant that the sizes of three of the IESs are quite similar (70) (71) (72) (73) (74) (75) (76) (66) (67) (68) (69) (70) (71) (72) (68) (69) . The fourth, IES-RAl, is about half as long (32-33 bp) . Consensus sequences of the four IESs were compared; we could detect no suggestive sequence similarities (not shown). However, since even the sequences of different alleles of a given IES are highly diverged over most of their length, it seems likely that two IESs that are more distantly related would show no detectable similarities. In such a case, however, the ends of two such IESs might show similarities, and the similarities of the flanking direct repeats of IESs RAl and RA2 (TTCTTT and TTC'IT, fig. 2A and 2B) might suggest they are homologous. However, these two IESs have -two-fold different lengths. In summary we find no compelling reason to believe any of the four IESs are related, and we suspect they were derived from four unrelated, precisely excisable transposons. Furthermore, these short IESs bear no obvious similarity to the large TBEl IESs.
A notable similarity was, however, found between the IES-R alleles and the "TA" IESs of Paramecium. TA IESs are flanked by direct repeats of the dinucleotide TA. Figure 20 shows the inverted terminal repeat consensus sequence of the Paramecium TA IESs ("TA con") aligned with the two ends of the IES-R alleles; IES-R residues that match the consensus are indicated, white-on-black.
First, this indicates that, like the Paramecium TA IESs, IES-R has an imperfectly conserved inverted terminal repeat likely to play a role in IES-R excision (no obvious inverted terminal repeats were found for the other three 81-10~~s IESs). Second, this suggests the following scenario: a TA transposon proliferated in an early ciliate progenitor, leaving paralogous copies at scattered micronuclear loci; these paralogs subsequently diverged under a selection that maintained only their end sequences. Alternatively, related TA transposons could have independently infested different ciliate lineages in a series of horizontal transfers.
Only a few nucleotides are conserved at each IES end ( fig. 2) , as also observed with the Paramecium TA IESs (Klobutcher and Herrick 1995) . Presumably selection has maintained these because they interact critically with excision machinery. Are the few conserved nucleotides actually sufficient to specify IES ends? The mechanism may require further sequence information. It could be in the form of some IES feature that is not dependent on exact IES sequence, such as AT richness or a loosely conserved length. Alternatively, further nucleotide specificity could reside in IES flanks. Deletion of the Tetrahymena M segment is determined in part by a polypurine tract in each flank (Godiska, James, and Yao 1993). The flanks of the short 81-10~~s IESs are strongly conserved for other reasons (in three of four cases codons of conserved open reading frames are interrupted), and this conservation would obscure conservation of nucleotides necessary for neighboring IES excision. If short IESs were created by transposition, and if their precise excision requires flanking sequences, then transpositions into many loci might not generate precisely excisable insertions.
Such non-IES insertion mutations would be quickly purged from the gene pool by selection if they interrupted important sequences. If the transposon has a target site specificity, then the sequences of the split target remain in the flanks and could provide nucleotides necessary for directing precise excision, such that every insertion is precisely excisable, as we have suggested for TBEl insertions (Williams, Doak, and Herrick 1993; see Klobutcher and Herrick 1996) .
The high degrees of divergence between allelic IESs in the two species indicate the relative ancientness of these IESs, consistent with the hypothesis that they are highly decayed ancient transposon insertions. In addition, the existence in each Oxytricha species of 81-10-cus alleles carrying IES-L, -R, and -RAl strongly implies that they were created prior to the species split, and possibly long before that time.
In contrast, the history of TBEl IESs inserted at three different locations in the 81 locus appears quite different, since of the eight alleles screened for TBEl insertions (including 35 and 319a) only the VC and 310 alleles carry TBEl insertions. Clearly none of these insertion alleles has gone to fixation. This suggests that these TBEls transposed into their respective positions relatively recently. The topology of the CR-MSC gene tree ( fig. 3 ) reinforces this suggestion. Parsimony disfavors the hypothesis that these insertions existed prior to the species and allele splits and were later independently precisely deleted multiple times from various alleles, assuming that insertions and deletions are equally rare. Instead, parsimony favors the hypothesis (see arrows, fig. 3 ) that the insertion into the 310 allele occurred only after the 3 10-5 10a split, and that the twc insertions into VC occurred since the species split. (Because we cannot resolve the VA-vB-vC tritomy, more specific hypotheses are difficult to distinguish; one such hypothesis is indicated in fig. 3.) One last aspect of our results also is consistent with the IES transposon hypothesis, namely the observation of multiple interallelic sequence replacements.
One obvious mechanism for such replacements is "gene" conversion, whereby a patch of sequence in one allele is replaced nonreciprocally with that of another allele, Such an event can be provoked by a double-strand break within the sequence that will be replaced, when the break is repaired by copying in a stretch of homologous sequence from the sister chromatid or the other allele (Szostak, Orr-Weaver, and Rothstein 1983; Engels et al. 1990) .
The sequence replacements we found involve IESs as if IESs are prone to suffer double-strand breaks. Twc potential causes of such double-strand breaks come tc mind. First, breaks almost certainly must be introducec In parts B and E, excision of the black element leaves a doublestrand break in the black allele. In parts C and F the break in the black allele is repaired by copying DNA from the white allele, creating a black-white chimeric allele; in C, the repaired allele now lacks the transposon, but in F it carries a copy of the white transposon (IES).
at one or both ends of an IES during its precise excision during macronuclear development (Williams, Doak, and Her-rick 1993) , and an occasional abortive break might occur at an end of an IES in the neighboring germline micronucleus, which, after all, resides in the same cytoplasm as the developing macronucleus.
However, we found no evidence for precise excision of IESs from the germline, although our data set is small and we are unaware of relevant data in other systems. We are presently engaged in a hunt in other hypotrichs for 8 l-locus orthologs that lack one or more of the short IESs.
Alternatively, IES replacement might be the result of transpositional excision of the IES that is replaced ( fig. 5 ). In this case, excision creates a double-strand gap that is sometimes repaired with DNA copied from the second allele, as elegantly demonstrated for Drosophila P element transposition (Engels et al. 1990 ). In typical transposon hosts like Drosophila, the transposon-bearing allele often is dysfunctional and is kept at low frequency. Thus the other allele is usually element-free, such that the conversion results in the replacement of the element-inserted site by an empty site ( fig. 5A-C) . In the case of a short IES, which apparently is present in all alleles, gap repair would replace the transposed IES sequence with the IES sequence found in the other allele ( fig. 5D-E) .
This hypothesis predicts that short IESs might occasionally not only be transpositionally excised but that transposition might also be completed, inserting the excised IES at a new micronuclear locus, a testable prediction. 
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